Rotaviruses have been implicated as a possible viral trigger for exacerbations in islet autoimmunity, suggesting they might modulate type 1 diabetes development. In this study, the ability of rotavirus strain RRV to infect the pancreas and affect insulitis and diabetes was examined in nonobese diabetic (NOD) mice, an experimental model of type 1 diabetes. Mice were inoculated either orally or intraperitoneally as infants or young adults. In infant mice inoculated orally, rotavirus antigen was detected in pancreatic macrophages outside islets and infectious virus was found in blood cells, pancreas, spleen, and liver. Extraintestinal RRV spread and pancreatic presence of infectious virus also occurred in intraperitoneally inoculated infant and adult mice. The initiation of insulitis was unaltered by infection. The onset of diabetes was delayed in infant mice inoculated orally and infant and adult mice inoculated intraperitoneally. In contrast, adult mice inoculated orally showed no evidence of pancreatic RRV, the lowest rate of detectable RRV replication, and no diabetes modulation. Thus, the ability of RRV infection to modulate diabetes development in infant and young adult NOD mice was related to the overall extent of detectable virus replication and the presence of infectious virus extraintestinally, including in the pancreas. These studies show that RRV infection of infant and young adult NOD mice provides significant protection against diabetes. As these findings do not support the hypothesis that rotavirus triggers autoimmunity related to type 1 diabetes, further research is needed to resolve this issue.
Type 1 diabetes mellitus is an autoimmune disease resulting from the destruction of pancreatic ␤ cells by autoreactive T lymphocytes. The disease is characterized by a long preclinical phase marked by the accumulation of islet-reactive T cells within the pancreas and production of systemic autoantibodies to a number of well-defined ␤-cell antigens (2) . Disease susceptibility is partly determined by genetics, with the major genes predisposing humans to disease located in the HLA region (43, 76) . Environmental factors including climate, dietary factors, and exposure to pathogens (particularly viruses) also have been implicated in disease pathogenesis. Viruses proposed to be associated with type 1 diabetes development in humans include rubella virus, mumps virus, herpesviruses (cytomegalovirus and Epstein-Barr virus), enteroviruses (coxsackieviruses), and rotaviruses (12, 27, 39, 79) . However, attempts to establish a causal link between viral infections and diabetes have been largely unsuccessful due to the lag time between infection and onset of diabetic symptoms and increasing evidence that viruses can abrogate as well as enhance the autoimmune process (12, 27, 48, 79) .
Rotaviruses, the major cause of severe acute gastroenteritis in humans and many animals worldwide, have been implicated as a possible viral trigger for progression of children to type 1 diabetes (20, (39) (40) (41) . In children genetically at risk for diabetes, seroconversion in rotavirus-specific immunoglobulin A (IgA) and IgG was significantly associated with a substantial increase in autoantibodies to tyrosine phosphatase-like islet antigen (IA-2), glutamic acid decarboxylase (GAD), and/or insulin within the same 6-month period (40) . Islet autoantibodies to IA-2 and GAD also were detected in acute-and/or convalescent-phase serum from 3 of 10 children with no family history of diabetes hospitalized with rotavirus gastroenteritis (40) . Molecular mimicry was proposed as a possible mechanism, based on sequence similarities between the immunodominant T-cell epitope in IA-2 (amino acids [aa] 805 to 820) and rotavirus outer capsid protein VP7 (aa 41 to 49) and between GAD (aa 117 to 128) and VP7 (aa 18 to 30) (40, 41) . A later study in Finnish children failed to confirm an association between rotavirus seroconversion and islet autoantibody levels (4, 56) . A lack of sensitivity in seroconversion detection due to failure to measure rotavirus IgA and the use of a nonhuman G6 rotavirus strain may have contributed to the differing results. Further studies in Finnish children suggested that rotavirus infection can enhance immune responses to insulin (57) . Possible associations with severe rotavirus gastroenteritis also have been reported for nonketotic hyperglycemic syndrome in one child and pancreatitis in two children, one of whom showed islet autoantibodies in acute-phase serum (22, 63, 70) . Rotavirus infection and disease also may play a role in the induction of non-islet autoimmune responses, as a high frequency of rotavirus infections was associated with an increased risk of celiac disease autoimmunity in genetically predisposed children and a subset of autoantibodies in celiac patients has been reported to recognize rotavirus VP7 protein (74, 86) . In rodents, the rhesus monkey rotavirus strain RRV has been associated with autoimmune responses to bile duct epithelium at the time of RRV-induced biliary atresia and linked to autoimmune uveitis (55, 83) .
Rotaviruses infect differentiated enterocytes of the small intestine but also can spread extraintestinally. In humans, infectious rotavirus was detected in the liver and kidneys of children with severe combined immunodeficiency and rotavirus particles were seen in a liver abscess (28, 34, 72) . Rotavirus antigen and/or RNA was detected in the serum, central nervous system, lungs, liver, kidneys, heart, spleen, testes, bladder, and pancreas of small numbers of children severely ill following rotavirus infection or at autopsy (42, 45, 46, 49, 53, 54, 58, 64, 67) . The presence of serum antigenemia and/or RNA is now considered to be a typical finding during rotavirus infection in children (5, 7, 11, 25, 69) . Rotavirus viremia has been detected in mice, rats, and calves (3, 6, 7, 21, 24, 68, 78) . Infectious RRV and murine rotavirus were detected in the livers of infant rodents, and RRV was found in the pancreas of a neonatal rat (21, 24, 78) . RRV causes hepatitis in mice (78) .
The nonobese diabetic (NOD) mouse is the favored animal model for human type 1 diabetes. NOD mice show many features of the human disease, including genetic susceptibility and environmental modulation. The development of diabetes in the female NOD mouse occurs as a series of well-choreographed events. From 3 to 4 weeks of age, mononuclear infiltrates consisting of CD4 ϩ and CD8 ϩ T cells, macrophages, dendritic cells, and B cells begin to accumulate around the islets, in a process termed peri-islet insulitis. These infiltrates then expand in cell number and invade the islets, producing intraislet insulitis. Most mice demonstrate a noticeable degree of intraislet insulitis by 10 weeks of age (1) . Several viruses, including mouse hepatitis virus, lactate dehydrogenase-elevating virus, encephalomyocarditis virus, lymphocytic choriomeningitis virus, and reovirus, prevent or delay the development of diabetes in NOD mice (37, 65, 75, 81, 82) . Reoviruses and rotaviruses are both members of the Reoviridae family. Interestingly, group B coxsackievirus (CVB) infection has been shown to either delay or accelerate diabetes development in NOD mice, depending on mouse age and degree of insulitis at the time of infection (23, 73, 77) .
Islets isolated from NOD mice support the replication of monkey rotavirus strains RRV and SA11 in vitro. In addition, islets isolated from pigtailed macaques facilitate replication of RRV, SA11, and two human rotavirus strains (20) . This shows that rotavirus infection of pancreatic islets in vivo might be possible. Asymptomatic infection of NOD mice by RRV at 4 weeks of age has been demonstrated. Most infected mice seroconverted to RRV and excreted viral antigen in stools for up to 10 days postinfection (20) . We have built on these findings to examine gastrointestinal disease, pancreatic involvement, and extraintestinal spread in NOD mice infected with RRV as infants or young adults. Mice were inoculated orally to mimic the natural route of infection and allow comparison with previous murine studies. Additionally, intraperitoneal inoculation was used to bypass any gastrointestinal barrier to extraintestinal spread, as described previously (61) . Using RRV, the ability of rotavirus infection to modulate the development of pancreatic insulitis and diabetes in an animal model of human diabetes has been determined in this study for the first time.
MATERIALS AND METHODS
Viruses. The origins, cultivation in MA104 cells, purification, and infectivity titration of monkey rotavirus RRV serotype P5B [3] , G3 have been described previously (14, 16) .
Mice. NOD/Lt (NOD hereafter) mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and were bred in the animal facility of the Department of Microbiology and Immunology at the University of Melbourne under specific-pathogen-free conditions. Control and inoculated mice of all ages were housed in sterilized microisolator cages in the same room and fed autoclaved standard food and water ad libitum. Microisolator cages were opened only within a class 2 biological safety cabinet, and control mice were handled and inoculated before infected mice. Prior to rotavirus inoculation, all mice were screened for rotavirus antibodies in serum by enzyme immunoassay (EIA), as previously described, with partially purified RRV as the capture antigen (15, 18) . All sera collected from these mice showed negative reciprocal EIA titers of Ͻ5 ϫ 10 1 . All procedures were conducted in accordance with protocols approved by the Animal Ethics Committee of The University of Melbourne.
Mouse inoculation with rotavirus. NOD mice aged 5 days (infants) were inoculated by oral gavage or oral feeding (oral) or by intraperitoneal (i.p.) injection, as indicated, with sterile Dulbecco's modified Eagle's medium (DMEM) as a control or 6 ϫ 10 6 fluorescent cell-forming units (FCFU) of RRV in DMEM. This dose was 4 times that given to infant CD-1 mice to analyze extraintestinal spread (60, 61) and is equivalent to a 1 ϫ 10 3 RRV 50% infective dose in infant BALB/c mice (24) . NOD mice aged 4 to 6 weeks (young adults) were inoculated orally or i.p. with 2 ϫ 10 7 FCFU of RRV in DMEM or with DMEM alone as a control. This dose was considered high in previous studies in adult BALB/c mice (59) . A dose of 8 ϫ 10
6 FCFU infected at least 90% of adult NOD mice in a previous study (20) . Doses were given in volumes of 50 l (infants), 100 l (adults, i.p.), and 200 l (adults, oral). At 20 min prior to RRV or mock inoculation by oral gavage, mice underwent anesthesia and stomach acid neutralization with 100 l (adults) or 50 l (infants) of 10% (wt/vol) NaHCO 3 by oral gavage. The presence of diarrhea was recorded for 8 days after inoculation. Diarrhea was defined as the production of very fluid bright yellow stool following very gentle abdominal palpation of the mouse, combined with fecal material on the skin and around the anus.
Sample collection and processing. Samples were always taken from mockinfected mice before RRV-infected mice. Mouse pups that were less than 10 days of age were decapitated, and blood was collected by immediate drainage of the decapitation site. Older mice were euthanized by CO 2 /O 2 inhalation. The mouse body was rinsed in 80% (vol/vol) ethanol. Blood was collected from older mice by cardiac puncture. Tissues from all mice were collected as required in the following order: pancreas, spleen, liver, and small intestine. The small intestine was collected from mouse pups (aged 6 to 18 days) only by cutting 0.5 cm distal of the stomach and 1.0 cm above the join to the cecum. Organs were frozen at Ϫ70°C, processed as described below, and again frozen at Ϫ70°C prior to analysis. Organ extracts were prepared as 20% (wt/vol) homogenates by gently grinding the thawed organs between the frosted ends of glass microscope slides in 50 mM Tris-HCl (pH 7.4) containing 150 mM NaCl and 5 mM CaCl 2 (TSC). This method was shown to give similar results to tissue homogenization, was less labor-intensive, and reduced cross-contamination between samples. At a maximum of 1 h after collection, serum was separated from whole blood by centrifugation at 7,000 ϫ g for 6 min. Extracts of the cell pellets remaining after serum separation from several subgroups of NOD mice were prepared as 20% (wt/vol) homogenates as described above. Serum and cell pellet extracts were frozen at Ϫ70°C.
Stools were collected from adult mice by gentle palpation of the abdomen. Stools were prepared as 10% (wt/vol) homogenates in TSC, which were clarified by centrifugation at 1,000 ϫ g for 1 min and stored at Ϫ70°C (19) .
Pancreases collected from subsets of NOD mice at 1 to 29 weeks after inoculation were embedded in Optimal cutting temperature (OCT) compound (Sakura), snap-frozen in an isopentane/dry ice bath, and stored at Ϫ70°C for immunohistochemistry (IHC) or collected into Bouin's solution (Amber Scientific, Perth, Australia) for histopathological examination.
Detection of infectious rotavirus. The presence of infectious rotavirus in mouse samples was determined by culture amplification of virus followed by VOL. 81, 2007 EFFECTS OF ROTAVIRUS INFECTION ON DIABETES IN MICE 6447 assay of rotavirus antigen in cultures by capture EIA, which was a modification of the rotavirus growth assay described previously (38, 51) . Dilutions in DMEM of organ and blood cell extracts (1 in 4), stool extracts (1 in 4), and sera (1 in 10 for infant mice or 1 in 4 for adult mice) were treated with 10 g/ml porcine trypsin (Sigma) for 20 min at 37°C to activate rotavirus infectivity. Samples were incubated for 1 h at 37°C in 5% (vol/vol) CO 2 -95% (vol/vol) air with washed confluent monolayers of MA104 cells in 24-well plates (Nunc). The inoculum was removed and replaced with DMEM, and cells were incubated for 72 h at 37°C in 5% (vol/vol) CO 2 -95% (vol/vol) air. Initial experiments determined that 72 h was optimal for detection of infectious rotavirus. Virus was released from cells by two cycles of freezing and thawing. Rotavirus antigen was assayed in these harvests by capture EIA. As negative controls, organs and samples from one mock-infected mouse were included for every four rotavirus-infected mice tested. Diluted purified RRV was included as a positive control. The titers of RRV in tissues and samples collected from mice were determined by a modification of a method described previously (14) . Dilutions in DMEM of intestine suspensions and stool homogenates (1 in 20) , liver suspensions (1 in 128), and pancreas suspensions (1 in 32) were treated with trypsin as described above. These dilutions were determined to be optimal, as they represented the highest sample concentration at which the cell monolayer integrity was preserved for the duration of the experiment. Confluent MA104 cell monolayers in 96-well plates were inoculated with serial dilutions of these trypsin-treated samples as described above for culture amplification. Inoculated cells were incubated for 15 h prior to acetone fixation and detection of infectious rotavirus by indirect immunofluorescent staining, as described previously (16, 38) .
EIA for detection of rotavirus antigen. The presence of rotavirus antigen in culture assay samples, organ extracts, stool homogenates, and sera was determined by antigen capture EIA as described previously, with rabbit hyperimmune antiserum to RRV as a capture antibody and monoclonal antibody RVA to VP6 as a detector antibody (19) . The anti-RRV serum was raised by immunization with purified RRV as described previously (50) , neutralized RRV to a reciprocal titer of 8.0 ϫ 10 4 , and reacted with all of the RRV structural proteins by Western blotting. Samples were tested at a dilution of 1 in 4 (culture assay samples, organ extracts, or stool samples) or 1 in 10 (sera). Samples were reacted in duplicate with capture antibody and with wells coated with the same dilution of rotavirus antibody-negative rabbit serum as a negative control. RRV rotavirus EIA antigen and antigen prepared from MA104 cell extracts as described previously (19) were included as positive and negative controls, respectively. A sample was considered positive if its mean optical density at 450 nm was Ն0.1 and at least twice that of the same sample reacted with negative control rabbit serum. All organs and samples collected from mock-infected mice were negative by antigen capture EIA carried out directly on the sample and by culture amplification followed by antigen capture EIA. The detection limit of this assay for purified RRV was determined to be 1.4 ϫ 10 4 infectious virions per ml. Assay for antibodies to rotavirus. Sera collected from all mice were analyzed for rotavirus antibodies by EIA, as previously described (15, 18) . Capture antigens were EIA antigen prepared from RRV and EIA antigen similarly prepared from mock-infected MA104 cells as a control. These have been described previously (19) . Pooled sera from uninfected NOD mice and rotavirus antibodypositive NOD mice (infected with RRV) were used as negative and positive controls, respectively. Monoclonal antibody RVA diluted to give a low positive reading was also included as a positive control. The titer of antirotavirus antibodies was determined as the highest dilution of serum showing an optical density at 450 nm to RRV EIA antigen that was at least twice that of the same dilution reacted with control EIA antigen.
IHC and histology. For IHC, serial 5-m cryostat sections were cut, collected onto SuperFrostPlus glass slides (Menzel-Glaser, Germany), air dried, and stored at Ϫ20°C prior to fixing and staining at room temperature. Tissues were fixed in acetone for 5 min, washed in phosphate-buffered saline (PBS), and blocked with 5% (vol/vol) fetal bovine serum (JRH Biosciences, KS) in PBS (FBS-PBS) for 30 min. For detection of cells containing RRV antigen, sections were reacted with rabbit antiserum to RRV diluted 1 in 500 in FBS-PBS or similarly diluted rotavirus antibody-negative rabbit serum as a control. Bound antibody was detected with Texas red-conjugated goat anti-rabbit IgG (Invitrogen Corp.) diluted 1:200 in FBS-PBS. Insulin-producing ␤ cells were stained by reaction with guinea pig antibody to swine insulin, which cross-reacts with mouse insulin (Dako, Glostrup, Denmark) at 1 in 200 in FBS-PBS, and fluorescein isothiocyanate-conjugated goat anti-guinea pig IgG (Jackson ImmunoResearch Laboratories, PA) diluted 1 in 100 in FBS-PBS. Macrophages were stained with rat anti-mouse F4/80 (Caltag, CA) diluted 1 in 60 in FBS-PBS followed by fluorescein isothiocyanate-conjugated swine anti-rat Ig (mouse adsorbed; Chemicon, CA) diluted 1 in 100 in FBS-PBS. In double-stained sections, primary and secondary antibodies were each mixed and reacted with sections as a cocktail. To ensure staining specificity and control for antibody cross-reactivity, sections were reacted with mismatched cocktails of primary and secondary antibodies, each primary and each secondary antibody alone, and cocktails of primary antibodies alone or secondary antibodies alone.
For histopathological analysis of islets within fixed pancreases, each pancreas was washed in 70% (vol/vol) ethanol to remove excess Bouin's solution, processed, and embedded in paraffin. Sections (5 m) were cut 200 m apart at four levels and stained with hematoxylin and eosin. The total number of islets per section was determined, and the degree of insulitis was scored for each islet as follows: no islet infiltrate, peri-islet infiltrate (up to 30% of islet infiltrated with accumulation of cells around the edge of the islet), or intraislet infiltrate (31 to 100% of islet infiltrated). At least 20 islets were scored for each pancreas.
Diabetes and glucose homeostasis monitoring. In groups of NOD mice inoculated as infants or young adults, glucose levels were monitored 1 day prior to RRV or control inoculation and on days 3, 5, 7, 9, and 11 after infection. Infant mice were screened for glycosuria using Diastix reagent strips (Bayer Healthcare, Mishawaka, IN). Blood glucose levels in adult mice were monitored with an Accu-check Advantage II blood glucose meter and strips (Roche Diagnostics, Mannheim, Germany). For construction of diabetes survival curves, glucose levels in mice were monitored weekly after inoculation. Urine screening was alternated with measurement of blood levels. Blood glucose levels in mice showing elevated urinary glucose levels were determined immediately. Consecutive blood glucose levels of Ͼ13 mmol/liter on two occasions Ͼ2 days apart were considered to indicate type 1 diabetes development.
Statistical analysis. Student's t test was used to assess the statistical significance of differences in insulitis, ages at diabetes onset, and antibody titers to rotaviruses. Differences in diabetes incidences were evaluated using KaplanMeier life-table analysis and GraphPrism software (San Diego, CA). Significance was set at the 95% level. On graphs, error bars represent the standard deviation of the mean.
RESULTS
Clinical gastrointestinal disease was caused by RRV in infant but not adult NOD mice. RRV infection by oral or i.p. inoculation of 5-day-old infant NOD mice resulted in diarrhea in approximately 90% of mice, which began 1 to 2 days after infection and lasted for 2 to 5 days. Young adult mice infected orally or i.p. with RRV and control mice of all ages inoculated by any route did not show diarrhea. These findings are consistent with previous reports of the age dependency of rotavirus disease in other mouse and small animal models (13, 80) . All RRV-inoculated mice seroconverted to RRV by 14 days after infection, whereas all control mice showed negative reciprocal antibody titers of Ͻ5 ϫ 10 1 (data not shown). Serum antirotavirus antibody titers were determined in a subgroup of mice at least every second day (6 to 9 mice/day) for 11 days after infection. Mice seroconverted by day 2 (i.p.) or day 5 (oral) after infection (data not shown).
Infectious RRV and/or RRV antigen were detected in the intestine, liver, pancreas, serum, blood cells, and spleen of infant NOD mice. In order to determine the degree of rotavirus infection intestinally and if virus disseminated to other organs, the presence of rotavirus antigen and infectious RRV was analyzed in a range of tissues. The relative sensitivities of direct assay for rotavirus antigen by capture EIA (direct EIA), RRV titers measured by inoculation of MA104 cells with serial dilutions (direct culture), and culture amplification of RRV followed by rotavirus antigen assay in cultures by capture EIA (culture then EIA) were determined. These assays were compared using organs collected at days 2, 3, 4, and 5 after infection from infant NOD mice inoculated orally or i.p. with RRV. Culture then EIA was the most sensitive method, detecting RRV in 89% (85/96) of intestines and 41% (37/91) of livers. Direct culture and direct EIA were of lower sensitivity, finding RRV in 64% (28/44) and 55% (53/96) of intestines and 46% (20/44) and 25% (24/96) of livers, respectively. The proportions of these organs containing RRV on each day after infection are shown in Table 1 . Infectious RRV was detected in 67 to 100% of intestines, and rates did not differ between mice inoculated orally or i.p. However, infectious RRV was detected more often in liver after inoculation i.p. (50 to 83%) than orally (13 to 33%). Infectious RRV was detected in the pancreas at day 5 after oral inoculation and was present in at least 25% of mice. Rotavirus antigen but not infectious RRV was found by direct EIA in the pancreas at day 2 after oral inoculation in 7 to 60% of mice. Infectious virus was found in the pancreas of 7 to 50% of mice inoculated i.p., at day 3 after infection only (Table 1) .
The proportion of organs from orally infected infant NOD mice that contained virus after RRV infection was further studied (Fig. 1) . The kinetics of infectious RRV production intestinally was monophasic, and virus was detected for 10 days after infection (Fig. 1A) . Detection of intestinal replication peaked at day 3 after infection (93% of mice). The proportions of livers and pancreases containing infectious RRV were lower and more variable than those of the intestines over this period. RRV antigen or infectious RRV was detected in 33% of pancreases at day 2 after infection, and infectious rotavirus was detected in 13 to 42% of pancreases at days 4 to 10 after infection (Fig. 1A) . RRV detection in the pancreas peaked at day 8. Infectious RRV was detected in blood cells from 17 to 33% of mice at days 3 to 6 after infection. Virus was associated with leukocytes, as removal of red blood cells with red cell lysis buffer (Sigma) did not affect virus detection (data not shown). Rotavirus antigen was detected in serum from days 2 to 9 after infection in up to 25% of mice, but infectious RRV was not detected in these sera by culture then EIA (Fig. 1B) , probably due in part to the rapidly increasing titer of serum antibodies to RRV from day 2 onwards. Detection of infectious RRV in blood cells indicates that virus present in tissues could be due to some degree to residual blood cells in the tissue, as mice were not perfused prior to tissue collection. Infectious RRV was detected in the spleen in 25 to 100% of mice at days 4 to 6 postinfection (Fig. 1B) . Treatment with red cell lysis buffer (data not shown) indicated that non-red-cell splenocytes harbored this virus. For each inoculation route, all mock-inoculated mice (1 to 2 per time point) showed negative reciprocal antirotavirus antibody titers of Ͻ5 ϫ 10 1 on euthanasia at days 2 to 9, 11, and 13 after inoculation and no organs contained detectable infectious RRV or rotavirus antigen (data not shown).
Infectious RRV showed limited spread to liver and pancreas in adult NOD mice. The organs containing RRV also were analyzed in RRV-infected adults (Fig. 2) . Intestinal rotavirus replication was detected in 16/22 (73%) mice inoculated orally and 21/27 (78%) mice inoculated i.p. Asymptomatic rotavirus infection in mice of this age is a typical finding (20, 80) . The   FIG. 1 . Detection of rotavirus in the intestine, liver, and pancreas (A) and in blood cells, serum, and spleen (B) of male and female infant NOD mice inoculated orally with RRV. RRV was detected by culture followed by EIA and by direct EIA. In panel B, infectious RRV was detected by culture then EIA in blood cells and spleen. Blood cells that contained infectious RRV also were positive for RRV antigen by direct EIA, and no other blood cell samples contained RRV antigen detectable by EIA. Rotavirus antigen was detected in serum by direct EIA, but infectious RRV was not detected in serum by culture then EIA. The number of mice examined at each day postinfection for each sample type (when these differed between sample types) is indicated above each panel. proportions of stools from orally and i.p.-inoculated mice containing infectious RRV at days 3 to 11 postinfection were similar, at 10 to 67% and 9 to 45%, respectively (Fig. 2) . However, no mice infected orally at this age and Յ30% of mice inoculated i.p. showed infectious RRV or rotavirus antigen in their pancreas or liver. Infectious RRV was detected in the pancreas at day 3 after infection in two mice inoculated i.p. that did not show detectable virus in stools. Thus, 23/27 (85%) adult mice inoculated i.p. showed evidence of rotavirus replication at any site. For each inoculation route, all mock-infected mice (1 to 2 per time point) showed negative reciprocal antirotavirus antibody titers in serum of Ͻ5 ϫ 10 1 on euthanasia at days 3 to 11 after inoculation and their pancreas, liver, stools, and serum contained no detectable RRV or rotavirus antigen (data not shown). Rotavirus antigen was not detected by direct EIA in any sera from RRV-infected young adult mice (data not shown). Insufficient serum was available for culture then EIA. Blood cells were not assayed for infectious virus.
RRV titers in the intestine, liver, and pancreas of infant and adult NOD mice. The titers of RRV were determined by direct culture of the intestine or stool, liver, and pancreas collected at days 2 to 11 after infection from infant and young adult mice inoculated orally or i.p. with RRV ( Table 2 ). Within each age group, the geometric mean titers of RRV in the gastrointestinal tracts of mice were similar irrespective of RRV inoculation route. Also, titers in the intestine in infants were not significantly different from titers in stools of adults (P ϭ 0.28), ranging from 1.4 ϫ 10 4 to 3.3 ϫ 10 4 FCFU/ml in infants and 4.5 ϫ 10 3 to 1.5 ϫ 10 4 FCFU/ml in adults. RRV titers in the livers of infant mice also were independent of inoculation route. Overall, i.p. inoculation of infants with RRV was more likely to result in detection of infectious virus in the liver than oral inoculation, but the titers of hepatic virus were similar after oral or i.p. infection. Infectious rotavirus was detected in the pancreas after infection of infants by either route (Table 1 and Fig. 1A) . In adults, a low titer of infectious virus in the pancreas or liver occasionally was detected when virus was delivered i.p. but not orally.
RRV antigen was detected in macrophages outside islets in the pancreas of infant NOD mice. Infectious RRV was detected in the pancreas of a large proportion of orally infected infant NOD mice (Fig. 1A) . The cells containing RRV were a Titers are expressed as the number of FCFU/ml in the supernatant fluid of a 20% (wt/vol) organ homogenate or a 10% (wt/vol) stool homogenate. A minority of samples positive for virus by culture and then EIA contained virus levels below the titration assay limits of detection, which were 4.0 ϫ 10 2 FCFU/ml (intestine and stool homogenates) and 2.0 ϫ 10 3 (liver and pancreas homogenates). Two mice per day were tested on days 3, 5, and 7 after oral RRV infection of infant mice. Total numbers of samples screened are indicated in Table 1 for infant mice infected i.p. and in Fig. 2 for adult mice infected orally or i.p. ND, not done. -, no samples tested contained detectable infectious RRV.
visualized by IHC in pancreatic sections obtained from RRVinfected and mock-infected mice that were littermates of the mice described in Fig. 1 , at days 5 to 8 after infection. By IHC, 1/4 (25%) pancreases collected from RRV-infected mice at days 5 and 6 after infection contained cells staining for rotavirus antigen, whereas antigen was not detected in pancreases collected on days 7 (n ϭ 4) and 8 (n ϭ 4) (data not shown). None of the four mock-infected mice analyzed (one on each of days 5, 6, 7, and 8 after infection) showed rotavirus antigen staining in the pancreas by IHC (data not shown). The lower detection rate in IHC compared with culture then EIA probably reflects the lower IHC sensitivity. As shown in Fig. 3 , a minority of cells in pancreatic sections from RRV-infected mice contained rotavirus antigen, consistent with the relatively low titers of infectious virus present (Table 2 ). To determine if the RRV-containing cells were islet ␤ cells, pancreatic sections from mock-and RRV-infected mice were double stained with antibodies against insulin and RRV. The insulin-producing ␤ cells were clearly stained with the anti-insulin antibody, showing the characteristic ball shape of pancreatic islets (Fig. 3A) . The RRV-containing cells did not colocalize with these islets, demonstrating that RRV does not infect the pancreatic islets of infant NOD mice in vivo when inoculated by oral gavage (Fig. 3A) . The cells containing rotavirus antigen showed a macrophage-like distribution within the tissue. To determine the identity of these cells, pancreatic sections were double stained with antibodies directed to RRV and the macrophage marker F4/80 (also known as BM8; Fig.  3B ). F4/80 is considered to be the best marker for murine macrophages, including those in the NOD mouse pancreas (9, 29, 44) . Both resident and nonresident macrophages (within blood vessels) were detected with F4/80 staining in pancreatic sections from mock-and RRV-infected mice. An occasional rotavirus antigen-containing cell did not stain as a macrophage. However, the majority of pancreatic cells containing RRV antigen also costained with F4/80 (Fig. 3B) , so these cells were identified as resident and nonresident macrophages. FIG. 3 . RRV antigen was detected in cells outside islets in the pancreas of infant NOD mice and colocalized with resident and nonresident macrophages. Pancreases were dissected at 5 days postinfection from mice infected orally at 5 days of age. In panel A, OCT-fixed, frozen pancreatic sections were stained with rotavirus antibody-negative control rabbit serum (I and V), rabbit antiserum to RRV (II and VI), or anti-insulin antibody (III and VII). The merged images of panels II and III and VI and VII, provided in panels IV and VIII, respectively, show no colocalization of rotavirus antigen and insulin. In panel B, pancreatic sections were stained with rabbit antiserum to RRV (IX and XII) or rat antibody to the mouse macrophage marker F4/80 (X and XIII). The merged images of panels IX and X and XII and XIII are shown in panels XI and XIV, respectively. The large arrows show examples of macrophages containing rotavirus antigen, and the small arrow indicates a cell containing rotavirus antigen that did not stain as a macrophage. Panels XV, XVI, and XVII are magnifications at ϫ2.2 of the boxed areas in panels XII, XIII and XIV, respectively. Original magnification, ϫ400.
VOL. 81, 2007 EFFECTS OF ROTAVIRUS INFECTION ON DIABETES IN MICE 6451
No mice showed glucosuria or abnormal blood glucose levels in the 11 days after infection with rotavirus. Groups of RRVinoculated mice were monitored for alterations in urinary or blood glucose levels prior to infection and at 2-day intervals for 11 days after infection. Infant mice inoculated with RRV either orally or i.p. showed urinary glucose levels within the normal range that were similar to control mice, both prior to and after infection (data not shown). Blood glucose levels in these mice could not be measured due to the small size of the animals. Adult female mice inoculated by either route showed blood glucose levels that were within the normal range and indistinguishable from levels in control mice prior to infection and for the 11 days after infection ( Table 3 ). The earliest age that any inoculated mice developed elevated blood glucose levels was 11 weeks, which was Ͼ4 weeks after inoculation.
RRV infection of infant NOD mice by either route delayed diabetes onset, whereas young adult mice were protected from diabetes following i.p. but not oral inoculation. To determine if RRV infection modulates the timing and incidence of diabetes development, groups of RRV-and mock-infected female mice were monitored for hyperglycemia until 30 weeks of age (Fig. 4) . All RRV-inoculated mice seroconverted to rotavirus, showing reciprocal EIA titers in convalescent-phase sera of 4 ϫ 10 2 to 5.1 ϫ 10 4 (data not shown). Mock-infected mice showed negative reciprocal antirotavirus antibody titers of Ͻ1 ϫ 10 2 at approximately 6-week intervals during experimentation and on euthanasia (data not shown). Infant mice infected with RRV orally demonstrated a significant delay in diabetes development compared with mock-inoculated mice (Kaplan-Meier survival analysis; P ϭ 0.042). Following RRV infection, the proportion of mice developing diabetes was reduced and their time to hyperglycemia onset increased (Fig. 4A ). In contrast, there was no significant difference in the diabetes curves between control-and RRV-inoculated mice inoculated orally as young adults (P ϭ 0.50; Fig. 4B ). Infant and young adult mice infected i.p. showed a significant reduction in diabetes incidence (P ϭ 0.040 for infants; P ϭ 0.010 for adults) compared with mock-infected mice (Fig. 4C and D, respectively) . As the ages at which mice first began to develop diabetes were similar in all groups of RRV-inoculated and control mice (11 to 14 weeks), the penetrance of the effect of RRV infection on diabetes development was incomplete. However, it is clear that rotavirus infection delayed the timing of diabetes onset in mice infected as infants by either route and in mice infected i.p. as young adults.
Analysis of the occurrence and timing of diabetes onset in relation to intestinal rotavirus replication and serum antibody titers to rotavirus. The effect of intestinal rotavirus replication on diabetes development was assessed in the adult mice described in Fig. 4 by relating RRV shedding in stools (detected by culture then EIA) to age at diabetes onset. This analysis was restricted to adults as all infant mice shed RRV intestinally. The diabetes rates at 16, 22, and 30 weeks of age were 13%, 47%, and 80%, respectively, in mice that shed virus and 16%, 45%, and 55% in mice without detectable excretion. Mice that excreted virus in stools showed a median age at diabetes onset of 27 weeks, compared to 23 weeks in mice without stool virus (Kaplan-Meier analysis, P ϭ 0.40; data not shown). Thus, detection of intestinal RRV replication was not associated with delayed diabetes onset in young adult mice.
The magnitude of the immune response generated might affect diabetes incidence. Antibodies to islet antigens are indirect markers of diabetes (40) . Therefore, the geometric mean titers of antibodies to rotavirus in convalescent-phase serum from RRV-infected mice that had become diabetic by 30 weeks of age were compared with those in infected mice that were nondiabetic at this age (data not shown). There were no significant differences between titers in diabetic and nondiabetic mice for any age of inoculation or inoculation route (P Ͼ 0.05), indicating that diabetes development was unrelated to serum antibody titers to RRV. This suggests that RRV infection was not a deciding factor in precipitating diabetes. The effect of the magnitude of the immune response against rotavirus on the timing of diabetes onset was analyzed by relating titers of serum antirotavirus antibodies in mice to their age at diabetes onset. Mice were classified by antibody titer as either moderate or strong responders. There were no significant differences (0.07 Ͻ P Ͻ 0.98) between the mean ages of diabetes onset, with the exception of infant mice inoculated orally. Strong responders in this group (reciprocal titers of 1.3 ϫ 10 4 to 5.1 ϫ 10 4 ) developed diabetes at a significantly older age than mockinfected mice (P ϭ 0.035). As the number of strong responders was small (n ϭ 3), this indicates a possible relationship between the magnitude of the serum antibody response to RRV and the delay in diabetes development.
RRV infection had little if any effect on development of pancreatic insulitis. In order to determine the effect of RRV infection on pancreatic morphology and insulitis development, pancreases collected from female NOD mice at 12 days and 12 weeks of age, after oral inoculation at 5 days of age, were scored for the presence of peri-islet and intraislet insulitis (Fig.  5) . Pancreatic morphology was normal and no insulitis was present in either the mock-or RRV inoculated mice at 12 days of age. This was consistent with the lack of glucosuria and indicated that pancreatitis and pancreatic damage were not features of this acute rotavirus infection. Peri-and intraislet infiltrates were present in a minority of islets in the RRVinfected and control mice at 12 weeks of age (Fig. 5) . A possible trend toward a reduction in peri-and intraislet insulitis in RRV-infected mice compared with controls was observed, which was not significant (Table 4 ; P ϭ 0.18). Thus, insulitis was not prevented by rotavirus infection of infant mice, and little if any reduction in the degree of insulitis occurred.
The effect of RRV infection on insulitis development in mice that were diabetes free at 30 weeks was examined. Mice inoculated orally or i.p. with RRV as infants or i.p. as young adults did not differ from mock-infected mice in the level of peri-or intraislet infiltrate present (Table 4) . This demonstrates that RRV infection did not alter the long-term development of insulitis in these mice, including orally infected infant mice that had showed a trend toward insulitis reduction at 12 weeks. Compared with mock-inoculated mice, there was a significant reduction in the peri-and intraislet infiltrate in mice surviving to 30 weeks of age following oral RRV infection as young adults (Table 4 ; P ϭ 0.034). However, the diabetes curves for these mice (Fig. 4B) indicate that this possible reduction in insulitis did not manifest in altered diabetes development.
Summary of findings on the effects of RRV infection in infant and young adult NOD mice. The overall findings of this study are summarized in Table 5 . Extraintestinal spread and pancreatic presence of infectious virus occurred only in infant mice, unless virus was given i.p. The detection rates for the presence of infectious virus at any site were as follows: infant mice (100%) Ͼ older mice inoculated i.p. (83%) Ͼ older mice inoculated orally (73%). Pancreatic insulitis development was not prevented by infection. The onset and FIG. 5. Effect of oral RRV infection on pancreatic insulitis development in female infant NOD mice. The histopathology in representative sections of pancreas dissected from mice 12 days or 12 weeks after oral inoculation at 5 days of age is illustrated. Pancreases from RRV-infected and control mice that had not developed hyperglycemia at these times were fixed in Bouin's solution, sectioned, and stained with hematoxylin and eosin. UI, uninfiltrated islet; Peri, peri-islet infiltrate; Intra, intraislet infiltrate. Definitions of these states are given in Materials and Methods. Pancreatitis or pancreatic damage was not seen in any section examined. Original magnification, ϫ200.
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on January 15, 2018 by guest http://jvi.asm.org/ incidence of diabetes were delayed in infant mice and in adult mice inoculated i.p. Therefore, mice inoculated orally as young adults showed no evidence of pancreatic or hepatic RRV, the lowest rate of detectable rotavirus replication at any site, and no significant diabetes delay. In contrast, rotavirus replicated and was detected extraintestinally, including in the pancreas, in all infant mice and in many adult mice inoculated i.p., and these groups of mice showed evidence of delayed diabetes development. Thus, the ability of RRV infection to delay diabetes development was related to the presence of infectious virus extraintestinally, including in the pancreas.
DISCUSSION
The possible association of childhood rotavirus infection with modulation of islet autoantibodies is controversial, and no studies addressing this issue in animal models of type 1 diabetes have been reported to date. Here we provide direct experimental evidence that rotavirus infection of NOD mice can modulate type 1 diabetes development. Infectious RRV was detected extraintestinally in blood cells, splenocytes, the pancreas, and the liver in infant mice with gastroenteritis and the pancreas and liver in a minority of asymptomatically infected older mice. In the pancreas of infant mice, morphology was normal and rotavirus antigen was present in resident and nonresident macrophages outside islets. RRV infection did not prevent insulitis development. The data obtained from this model indicate that RRV rotavirus infection of infant and young adult NOD mice delays diabetes onset and reduces incidence by a mechanism related to the presence of virus outside the gut, in organs including the pancreas and liver.
Our findings that infectious RRV is present in the small intestine, liver, pancreas, and spleen in NOD mice extend previous studies. Infectious RRV has been detected in the small intestine, liver, lungs, and kidneys of neonatal BALB/c mice after oral inoculation, using a strand-specific, quantitative reverse transcription-PCR (24) . In orally inoculated neonatal rats, RRV antigen was found in the liver, lungs, kidneys, stomach, heart, bladder, thymus, and pancreas and one sample of each of the three latter sites contained infectious virus (21) . In infant and adult NOD mice, infectious virus did reach the intestine and infect intestinal cells after i.p. inoculation, as these mice excreted virus in their stools for Ͼ8 days, irrespective of age. However, in adult mice, fewer stools from mice inoculated i.p. than orally contained infectious virus (Fig. 2) . Interestingly, infectious virus was detected occasionally in the liver and pancreas of adult mice after i.p. but not oral infection. This suggests that following i.p. inoculation of adults, rotavirus gained access to these organs from the abdominal cavity rather than the intestine, bypassing any gut barrier to extraintestinal spread. Intestinal and hepatic infection occurred in 100% and 40% of neonatal CD-1 mice, respectively, following i.p. inoculation with RRV (61) . This indicates some similarity in the a Four sections at 200-m intervals within the pancreas of each of 3 to 7 mice were scored for the degree of islet insulitis as described in Materials and Methods. The total number of islets was counted for each section. The sum of the scores for each degree of insulitis for all sections was expressed as a percentage of the total number of islets detected in each pancreas. Values are means Ϯ standard deviations.
b Orally infected infant mice showed a trend toward reduced insulitis at 12 weeks of age (P ϭ 0.18).
c Orally infected young adult mice showed significantly reduced insulitis at 30 weeks of age (P ϭ 0.034). organs targeted by RRV between infant NOD and CD-1 mice. These demonstrations of extraintestinal spread in NOD mice add further weight to the growing evidence of rotavirus escape from the intestine during acute infection. The presence of rotavirus antigen in sera from RRV-infected infant NOD mice supports the recent consensus that antigenemia is a common sequela of rotavirus disease (5-7, 11, 25, 69) . However, infectious rotavirus was not detected in sera diluted 1 in 4 to 1 in 10 from NOD mice by culture amplification of RRV and then EIA. Infectious RRV has been detected in serum from RRV-infected neonatal rats (21) . Also, rotavirus-positive sera from mice and piglets infected with viruses EC wt and Wa, respectively, transferred infection to recipient animals with high efficiency (3, 6) . However, a 1-in-10 serum dilution greatly reduced murine transfer, and the copy number of viral RNA was Ͼ4 log 10 lower in serum than in stools (6) . Host species-specific factors, virus strain differences affecting the level of viremia in serum, and methodological differences would explain the lack of detection of infectious virus in sera from NOD mice.
In contrast to serum, blood cells from infant NOD mice were shown by culture and then EIA to contain infectious rotavirus. Supporting this finding, a small amount of minus-strand RNA, indicating the presence of infectious rotavirus, was detected in leukocytes from EC-infected, infant BALB/c mice (24) . Although viremia following EC wt inoculation of adult CD-1 mice has been associated with the plasma fraction of blood rather than cells, analysis of cells from infant mice for infectious virus was not reported (6) . Detection in the red blood cell-depleted spleens and blood cells demonstrated that infectious virus was associated with leukocytes in infant NOD mice. Several potential receptors and entry cofactors for RRV and other rotaviruses can be expressed on leukocytes, including terminal sialic acids and the integrins ␣2␤1, ␣x␤2, ␣v␤3, ␣4␤1, and ␣4␤7. Involvement of these receptors in extraintestinal rotavirus spread has been suggested (17, 30-33, 36, 38, 52) . Supporting this, productive RRV infection of myeloid dendritic cells from human peripheral blood has been hypothesized to relate to preferential expression of ␣4 integrin (62) . A lymphatic mechanism for RRV extraintestinal spread in the neonatal mouse has been proposed, involving RRV exit from the gut to the mesenteric lymph nodes and then movement to other organs (24, 60, 61) . Consistent with this, viremia was present prior to splenic rotavirus in NOD mice, and the pattern observed suggests virus may have been transported to the spleen via blood cells 3 days after infection.
Our in vivo demonstration that RRV antigen in the pancreas is present only in cells outside islets rules out direct ␤-cell infection as a mechanism by which RRV could modulate diabetes development in infant NOD mice. RRV replicated to high titer in purified islets isolated from the pancreas of adult NOD mice (20) but was rarely found in the pancreas of RRVinfected adult NOD mice. This may relate to the inoculation dose of RRV or the absence from isolated islets of host factors that control pancreatic RRV replication in vivo. By analogy with CVB infection in the pancreas, these might include interferons (10, 23, 26) . Most RRV-infected pancreatic cells were identified as resident and nonresident macrophages on the basis of F4/80 expression. It is possible that the few F4/80-negative, rotavirus-infected cells were nonresident macrophages that had yet to up-regulate F4/80 expression (29) . Alternatively, other invading immune cells or exocrine cells within the pancreas might be infected by RRV. Our data are consistent with macrophage recruitment to the pancreas in response to infection of an occasional resident pancreatic cell. Additionally, macrophages have been suggested as a means for rotavirus dissemination (8) , and replicating RRV was detected in infiltrating alveolar macrophages and adjacent pneumocytes in neonatal rat lung sections (21) . The importance of rotavirus uptake into macrophages for dissemination to other organs requires further study.
Clearly the route of inoculation and NOD mouse age at the time of infection affected the degree of diabetes modulation by RRV. Diabetes development in newborn NOD mice orally infected with RRV was significantly delayed, demonstrating a protective effect of this infection. Although a possible trend toward reduced development of insulitis at 12 weeks of age was seen in these mice, by 30 weeks of age RRV-inoculated and control mice showed similar degrees of insulitis. Intraperitoneal inoculation resulted in delayed diabetes irrespective of the age of the mice. Overall, the ability of RRV infection to delay diabetes development was related to the extent of detectable virus replication and the presence of infectious virus extraintestinally, including in the pancreas. These findings suggest that immune tolerance was induced in these mice. Reovirus and RRV might have similar effects on diabetes development in infant NOD mice, as reovirus infection delayed diabetes and did not prevent insulitis by 30 weeks of age (81) . Infection of the thymus and possibly in the periphery leading to loss of autoreactive lymphocytes and passive tolerance was one mechanism proposed for this diabetes delay by reovirus (66, 81) . The abilities of reovirus to modulate diabetes development in young adult NOD mice and of RRV to infect the NOD mouse thymus have not been determined. However, infectious RRV was present in the thymus of neonatal rats (21) . It is possible that RRV induces passive tolerance through thymic or peripheral infection and the destruction of ␤-cell-specific lymphocytes in infant NOD mice and young adult NOD mice inoculated i.p. RRV infection in NOD mice also might delay diabetes onset through induction of active tolerance, particularly through the expansion of CD4 ϩ CD25 ϩ regulatory T cells. The delay in diabetes development in these RRV-infected NOD mice also might relate to immune deviation, through adjuvant-like induction of tumor necrosis factor alpha, interleukin-4, and/or gamma interferon, for example (1) .
In the NOD mouse, destructive autoreactive T cells invading the pancreas express high levels of ␣4␤7 integrin and require expression of the ␣4␤7 ligand MAdCAM-1 on the pancreatic peri-islet venules for invasion (35, 71, 84) . MAdCAM-1 blockade also might prevent the development of autoreactive T cells in the gut-associated lymphoid tissue, prior to homing and infiltration into the pancreas, as the interactions of naïve lymphocytes with MAdCAM-1 in the gut-associated lymphoid tissue could be important in breaking self-tolerance to islet ␤-cell antigens (35) . In mice, rotavirus-specific B and T cells strongly express ␣4␤7 and effective immune responses to rotavirus depend on MAdCAM-1 recognition by lymphocytes expressing ␣4␤7 (47, 85) . In addition, RRV binds recombinant ␣4␤7 via the same ␣-subunit domains as MAdCAM-1 (30) . Any interplay between these potentially interacting components during VOL. 81, 2007 EFFECTS
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RRV infection in NOD mice could delay the progression of the diabetic process. For example, any RRV interaction with ␣4␤7 might (i) temporarily prevent the interaction of naïve lymphocytes with MAdCAM-1 and the break in self-tolerance required for diabetes onset or (ii) inhibit immune cell extravasation into the pancreas. These could account for the incomplete protection against diabetes development we observed. In the latter case, restoration of interactions between autoreactive lymphocytes and MAdCAM-1 after virus clearance might eventually lead to diabetes, at a later age than in uninfected mice.
Similarly to RRV and reovirus, CVB infection in infant NOD mice reduces diabetes development, by an unknown mechanism. However, in contrast to reovirus, RRV and CVB do not infect pancreatic islets in infant NOD mice, although some CVB strains cause pancreatitis (77) . The mechanisms by which these viruses delay diabetes in infant NOD mice may be related but distinguishable. It will be important to determine if rotavirus strains other than RRV have a similar tropism and effect on diabetes development in infant and young adult NOD mice.
Our findings in these NOD mice do not support the hypothesis that rotavirus infection in children may trigger or exacerbate pancreatic islet autoimmunity (40) . However, further exploration of the effects of infection with RRV and other rotavirus strains on NOD mice is warranted before a role for rotavirus in assisting the diabetic process can be ruled out. It is noteworthy that CVB infection in NOD mice aged Ͼ12 weeks that have well-developed insulitis results in diabetes acceleration, provided the virus is able to replicate rapidly to high titer in the pancreas (23) . Our current studies are aimed at establishing if rotavirus can infect the pancreas and modulate diabetes onset in NOD mice that are fully insulitic at the time of infection.
